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Abstract Competition is an important factor that has been extensively reported in the
Mediterranean area. There is evidence that leaf terpene accumulation may vary between
plants growing on calcareous and siliceous soils. In the present study, leaf terpene
emissions from potted seedlings of Pinus halepensis, Cistus albidus, and Quercus
coccifera, growing under natural environmental conditions on calcareous and siliceous
substrates, were studied by using a bag enclosure method. In both substrates, seedlings
were potted alone and in intraspecific competition, to examine the effect of substrate type
and that of intraspecific competition on terpene emissions. The results showed that
competition favored: (i) overall monoterpene and sesquiterpene emissions from Q.
coccifera; (ii) overall monoterpene emissions from P. halepensis; (iii) overall sesquiterpene
emissions from C. albidus. Substrate type affected terpene emissions to a limited extent and
in a species-specific way. Whereas for Q. coccifera, the overall monoterpene emissions and
that of Allo-aromadendrene were favored on siliceous substrate, no significant changes
were found in emissions from P. halepensis. Only the release of AR-curcumene from C.
albidus was higher on siliceous substrate. We also found high variability in terpene
emission composition from the study species, particularly for P. halepensis and Q.
coccifera. These two species released both monoterpenes and sesquiterpenes, instead of
monoterpenes only, as shown in previous studies.
Keywords Plant interaction . Soil nutrient availability . Biotic stress factors . BVOC .
Sesquiterpenes . Monoterpenes . Secondary metabolism
Introduction
Emission of biogenic volatile organic compounds (BVOC) from leaves is an important
mechanism through which plants modify air quality on a global (Guenther et al., 1995), regional
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(Fuentes et al., 2000), and local scale (Simon et al., 2001). In particular, oxidation of terpenes
contributes to both ozone (O3) and secondary organic aerosols (Guenther, 2002). In addition,
these natural emissions may increase the life span of greenhouse gases, such as CH4, which are
related to the pattern of global climatic change (Guenther et al., 1995). Consequently, there is
interest in understanding which environmental factors affect terpene emissions from plants. This
especially concerns Mediterranean regions, as such emissions are directly implicated in O3
concentration even on a local scale (Simon et al., 2005), and this secondary pollutant exceeds
the European tolerated limits several times per year (Millan et al., 1996). Although the scientific
community has devoted considerable effort to understand the effect of environmental factors on
BVOC in the Mediterranean Region, estimates of these compounds are still uncertain (Staudt et
al., 2000). This is partly because of the range of factors controlling these emissions.
With regard to abiotic factors, few studies have addressed the issue of soil nutrient effects on
terpene emissions, whereas the effect of climate-related factors is well documented. In contrast
to released terpenes, studies dealing with soil nutrient effects on stored or accumulated terpenes
within leaves have been more frequent (e.g., Kainulainen et al., 1996; Close et al., 2004).
However, those studies were performed on the basis of different fertilizer treatments (Harley
et al., 1994; Litvak et al., 1996), and they show inconsistent results. Only a few studies have
shown that plant emissions vary on soils of different natural fertility, such as calcareous and
siliceous soils. Robles and Garzino, (1998) and Flamini et al. (2004) showed that some
terpene content from Mediterranean species varied according to soil type. However, other
studies have shown that there is no correlation between terpene content and emissions
(Gershenzon et al., 2000). The degree of dependency of terpene emissions on soil type will
not necessarily be the same as that found for terpenes stored within leaves.
With regard to biotic interference on emissions, terpenes are currently associated with:
(i) attractant compounds that favor pollination or seed dispersal (Caissard et al., 2004); (ii)
herbivore and pathogen deterrents (Holopainen, 2004); and (iii) plant to plant communi-
cation (Gniazdowska and Bogatek, 2005).
Plant to plant competition is common under natural conditions (Goldberg and Barton,
1992), and one prevalent interaction is competition for limited resources. As soils are often
nutrient-poor in Mediterranean regions, the study of competition is of particular interest.
Moreover, plant biomass and growth are especially sensitive to competition (Ramseier and
Weiner, 2006; Midoko-Iponga et al., 2005), and these factors may explain some BVOC
variability among plants of the same species (Batten et al., 1995). Nevertheless, the effect of
this factor remains almost wholly unexplored, as only a single study is available on terpene
emission response to competition (Peñuelas and Llusià, 1998).
The aim of this work was to examine whether terpene emissions change when plants grow:
(i) on calcareous or siliceous substrate, and (ii) alone or in intraspecific competition. We also
analyzedwhether these two factors interact, as it has been reported that competition for nutrients
is more intensive when nutrient availability is high (Vila and Sardans, 1999).
Methods and Materials
Species Studied Terpene emissions from Pinus halepensis Mill. (Pinales, Pinaceae), Cistus
albidus L. (Malvales, Cistaceae), and Quercus coccifera L. (Fagales, Fagaceae), which are
typical of the Mediterranean area, were studied. The tree species studied, P. halepensis, is
representative throughout the Mediterranean Basin, where it is widespread (Quézel, 2000). P.
halepensis (Orshan, 1989) and C. albidus (Passama, 1970) grow both on calcareous and
siliceous substrates even if they are mainly calcicole species. Q. coccifera is rarely found on
siliceous soils (Bornand et al., 1997). All study species form both monospecific and mixed
stands in Mediterranean ecosystems. However, they often form dense and abundant
monospecific stands in areas that have been previously disturbed by recurrent fire (Q. coccifera,
Larcheveque et al., 2005; C. albidus, Robles, 1998; P. halepensis, Barbero et al., 1990).
Experimental Setup The study was performed on 2-yr-old potted seedlings. Seedlings were
obtained from plant collections of the nursery garden (Luberon, Lambesc, southern France).
For each species, four seedlings were potted alone (four pots, four seedlings) and four other
seedlings were potted with another seedling of the same species (in intraspecific conditions)
(four pots, four seedlings). In both cases, seedlings were potted on siliceous and on
calcareous substrates, thus making a total of 16 seedlings per species. All seedlings were
irrigated similarly and regularly to avoid any water stress. Substrates came from natural
garrigue sites (of southern France) from the first 25 cm of the soil layer. Soils were sampled
in May 2003 and then potting took place over several weeks in summer 2003.
The main physical and chemical properties of calcareous and siliceous substrates were
analyzed (Table 1). Calcareous substrate was mainly characterized by higher values of N,
Ca2+, TOC (total organic carbon), K+, pH, clay, and silt (Table 1), whereas siliceous
substrate showed mainly higher values of Mg2+ and sand.
Terpene emission sampling was performed from 15–19 April 2004, from 11:00 to 15:30
(solar time). Experimentation was carried out under natural environmental conditions.
During the study period, air temperature varied between 23 and 27°C, PAR (Photosyn-
thetically Active Radiation) ranged from 800 to 1,000 μmol m−2 s−1, wind speed was
negligible, and air humidity was less than 30%. Weather was typical of the spring season,
with alternative cloudy and sunny sky.
Terpene Sampling A semidynamic bag enclosure system, made of Teflon film (FEP), was
applied to enclose a single healthy twig per plant. The health of leaves was visually
checked. Sun- and shade-exposed leaves, as well as primary and secondary leaves, were
considered. The emission rate obtained through this method may be taken as a
representation of the mean emission rate. The system consisted of 16 bag enclosures. Each
(0.5 l) was designed with two air streams, inlet and outlet.
Table 1 Physical and chemical properties of the calcareous and siliceous substrates studied
Properties Siliceous Substrate Calcareous Substrate
pH (H2O) 6.18±0.20 7.22±0.09
TOC (total organic C) (%) 1.80±0.28 5.96±0.35
Total N (%) 0.084±0.005 0.334±0.005
C/N 20.87±2.05 17.75±0.86
Available P (mg.kg−1) (Olsen) 36.14±4.24 32.43±1.12
Total P (mg.kg−1) 277.28±34.83 724.57±38.15
K+ (mg.kg−1) 190.60±20.66 501.70±43.08
Ca2+ (mg.kg−1) 2052.71±156.47 9768.20±319.81
Mg2+ (mg.kg−1) 127.78±9.43 102.44±46.12
Sand (% of fine and coarse earth) 74.72±1.91 28.06±3.61
Silt (% of fine and coarse earth) 15.71±3.02 30.56±4.30
Clay (% of fine and coarse earth) 10.1±1.77 22.95±3.21
Texture (Aubert, 1978) Sandy loam loam
a Values are mean ± SE. N=8.
Before samples were taken, the bag air was renewed, and each bag was continuously
flushed with nonpolluted air (Alphagaz, 99.99% purity, Type 1) through a Tygon tube
(Tygon\ Fuel and lubricant tubing; o.d: 11.2 mm, i.d: 8 mm), especially designed for
hydrocarbon transport. Inflowing air (Qe) was measured with a digital mass-flow controller
(Aalborg\ CFC17, 0–500 ml). Qe was 110±20 ml min−1 and was maintained for 15 min,
so that the bag air was renewed three times. After air renewal, terpene sampling took place
(while inflowing air was maintained). The outgoing terpenes from each bag enclosure were
collected on glass sorbent tubes filled with preconditioned Tenax TA (Varian\: 20–35
mesh, 150 mg, 160×5×3 mm), using a pumping system (Edwards\) placed downstream of
the Tenax TA. One sorbent tube per bag was used. We previously demonstrated in the
laboratory that there were no significant differences between trapped terpene concentrations
in four Tenax TA placed simultaneously at different air stream outlets of the same bag
enclosure. Outflowing air (Qs) at each bag enclosure was measured with a bubble flow
meter (0–280 ml/min, GPE Meterate 314-140/084), placed immediately after each sorbent
tube. Flow meters were specially designed to allow connection to a tube, as each bubble
flow meter was linked to the pump by means of a reinforced flexible antioxidant PVC tube
(i.d. 0.8 mm). Terpene sampling took place for 10 min at Qs=80±30 ml min−1. Constancy
of Qs at each bag enclosure was verified every 2 min. Of the 16 bag enclosures constructed,
only 14 were directly used to sample terpene emissions; one was always allocated to a
blank with no twig in the gas exchange system, and another was used for measurements of
air temperature inside the enclosure. After measurements, each sampled twig was cut off
and stored in a portable refrigerator at +4°C until being stored at −20°C in the laboratory.
Leaves from each twig were separated and lyophilized to measure dry mass (DM).
Terpene Analyses Adsorbed terpenes in Tenax TA were analyzed through thermal
desorption by gas chromatography (GC) fitted with a Flame ionization detector (FID)
(HP\5890 series II). Before thermal desorption, a preflush phase was run (3 min, 10 ml
min-1, 60°C), to allow humidity in Tenax TA to be evacuated. This phase was also
necessary to accurately analyze sesquiterpene adsorbed compounds. Then, thermal
desorption (Thermal Desorption Cold Trap injector, Varian\, CP4020-TCT model) was
carried out through nitrogen carrier gas (10 min, 50 ml min−1, 250°C) and cryogenic
concentration in a silica capillary trap, cooled with liquid nitrogen at −100°C. Finally,
compounds were separated in the nonpolar chromatographic column (Ultra 2, 50 m×
0.2 mm×0.25 μm).
The identity of terpenes was confirmed by comparison with standards of high purity
(Aldrich-Firminich). Calibration of monoterpene and sesquiterpene factor response, used to
calculate their concentrations, was performed periodically throughout the sampling period.
In a few cases, when standards were not available, peak identification was achieved by
injection of previously extracted terpenes from each species, in Tenax TA. The identity of
these compounds was determined by means of a GC (HP\6890) coupled with a mass
spectrometer (MS) (HP\5973 Network Mass Selective Detector).
Statistical Analyses and Standard Terpene Emission Calculation Statistical treatments were
applied to standardized emissions. In the case of P. halepensis and C. albidus,
standardization at 30°C was carried out with the algorithm proposed by Tingey et al.
(1980), as temperature is considered to be the main factor controlling emissions from these
storing species in the short-term (Llusià and Peñuelas, 2000). As Q. coccifera is a
nonstoring species, emissions were standardized at 30°C and 1,000 μmol s−1 m−2 according
to the model of Guenther et al. (1995). Temperature and light are currently agreed to be the
main factors controlling monoterpene emissions from nonstoring species (Staudt et al.,
2000). Thus, all emission data presented throughout this study represent standard
emissions, expressed as mean ± SE.
Two-factor analysis of variance (ANOVAs) was applied to test the effect of both
substrate type and intraspecific competition, and possible interacting effects between
factors. This statistical test was performed for the overall monoterpene and sesquiterpene
emissions, and for the major compounds released from each species. Data were log-
transformed, when necessary, to meet normal requirements for ANOVAs analysis.
Statistical analyses were performed by using Statistical Graphics\ version 4.1.
Results
P. halepensis mainly emits monoterpenes (Table 2). Overall monoterpene emission rate is
3.12±0.75 μg h−1 gDM
−1, whereas that of sesquiterpenes is only 0.29±0.04 μg h−1 gDM
−1.
Table 2 Terpene emission composition from leaves of P. halepensis, C. albidus, and Q. coccifera
Monoterpenes P. halepensis C. albidus Q. coccifera CAS Number RI
α-thujene tc __ __ 2867-05-2 919
α-pinene X X X 80-56-8 926
Camphene X __ __ 79-92-5 944
sabinene X X X 3387-41-5 960
β-pinene X X X 127-91-3 965
β-myrcene X X tc 123-35-3 969
Δ3-carene X tc tc 13466-78-9 1010
α-terpinene tc __ __ 99-86-5 1015
p-cymene X __ __ 99-87-6 1032
Δ-limonene X tc __ 138-86-3 1035
β-ocimene tc __ __ 13877-91-3 1040
γ-terpinene X __ __ 99-85-4 1060
Δ-terpinene X tc X 586-62-9 1090
Linalool X X X 78-70-6 1100
Camphor tc __ __ 76-22-2 1159
Borneol X tc tc 507-70-0 1179
α-terpineol X tc tc 98-55-5 1203
Sesquiterpenes
Copaene tc X X 3856-25-5 1378
β-bourbonene X X __ 5208-59-3 1402
β-caryophyllene X X __ 87-44-5 1444
Unknonwn (m/z=204) X X X 24406-05-1 1473
α-caryophyllene X X X 6753-98-6 1478
Allo-aromadendrene X X X 25246-27-9 1485
AR-curcumene __ X tc 644-30-4 1489
α-zingiberene X X __ 495-60-3 1499
α-muurolene X X X 10208-80-7 1516
γ-cadinene __ X __ 39029-41-9 1519
Δ-cadinene __ tc __ 483-76-1 1523
a X: detected compound
b __: not detected compound
c tc: compound detected in trace amounts
d RI: retention index
The major released compounds are α-pinene and Δ3-carene. Substrate type does not
significantly modify either the overall monoterpene and sesquiterpene emissions (ANOVAs,
P>0.05; Fig. 1) or those of any major compound (ANOVAs, P>0.05; Table 3). Whereas
substrate type has no effect on terpene emissions from P. halepensis, its overall monoterpene
emissions (ANOVAs, P<0.05; Fig. 1) and emissions of all major monoterpenes, except
those of β-pinene (ANOVAs, P>0.05; Table 3), increase significantly in conditions of
intraspecific competition, irrespective of substrate type. By contrast, the overall
sesquiterpene emissions do not change in competition (ANOVAs, P>0.05; Fig. 1)
C. albidus is mainly a sesquiterpene emitter (Table 2). Sesquiterpene emission rate is
about threefold that of monoterpenes (4.44±1.08 μg h−1 gDM
−1). The major sesquiterpenes
emitted are α-zingiberene, followed by AR-curcumene and allo-aromadendrene (Table 3).
Among the monoterpenes, only α-pinene shows high emission rates. Neither the overall
monoterpene, nor the overall sesquiterpene emission rates, show significant changes on
calcareous and siliceous substrates (ANOVAs, P>0.05; Fig. 1). Only emissions of AR-
curcumene rise when seedlings of C. albidus grow on siliceous substrate (ANOVAs, P<
0.05; Table 3). By contrast, emissions from C. albidus are markedly dependent on
competition, irrespective of substrate type. The overall sesquiterpene emissions (Fig. 1),
and those of β-bourbonene and β-caryophyllene, are significantly higher when this species
grows in competition (ANOVAs, P<0.05; Table 3).
Finally, Q. coccifera releases monoterpenes and sesquiterpenes similarly (Table 2). This
species shows the lowest emission rate of species examined here (Fig. 1). The major
monoterpenes released are α-pinene, followed by β-pinene and sabinene (Table 3). The
major sesquiterpenes released are α-caryophyllene and allo-aromadendrene (Table 3).
Emission of the overall monoterpenes is significantly higher when Q. coccifera grows on
siliceous substrate (ANOVAs, P<0.05; Fig. 1). This is caused by α-pinene, which is the
only major monoterpene emitted in higher amounts when seedlings grow on siliceous
Fig. 1 Monoterpene and sesquiterpene standard emissions from P. halepensis, C. albidus, and Q. coccifera
on calcareous and siliceous substrates, isolated and in intraspecific competition. Values are mean ± SE (N=
4). Bars indicate the standard error. P, C, Q: isolated seedlings. PP, CC, QQ: seedlings in intraspecific
competition. Results of the two-way ANOVAs (substrate and competition) are also shown. Fm, Fs: test
values for monoterpenes and sesquiterpenes, respectively; ns: not significant at 95% of confidence; *0.01<P
<0.05; **0.001<P<0.01
substrate (ANOVAs, P<0.05; Table 3). The overall sesquiterpene emissions do not
significantly change according to substrate type (ANOVAs, P>0.05; Fig. 1). Only emissions
of α-caryophyllene are higher when seedlings are potted on siliceous substrate (ANOVAs,
P<0.05; Fig. 1). With regard to competition, the overall monoterpene and sesquiterpene
emissions are higher when Q. coccifera grows in intraspecific competition (ANOVAs, P<
0.05; Fig. 1), both on calcareous and siliceous soils. Emissions of all major compounds,
except those of β-pinene, are also higher in competition (ANOVAs, P<0.05; Table 3).
Discussion
The aim of the investigation was to extend our understanding of the dependency of terpene
emissions on environmental factors. The effect of both substrate type and intraspecific
competition, and their potential interaction, were explored on emissions from seedling
plants. Despite the recognized importance of competition for different aspects of plant
development (e.g., biomass, growth, phenology), little attention has been paid to the impact
this biotic factor may have on terpene emissions. The results showed that even if calcareous
and siliceous substrates differed in their nutrient resources, competition had a positive effect
on terpene emissions among all species irrespective of the substrate type. Thus, this biotic
factor had a positive effect on terpene emissions from P. halepensis (monoterpenes), C. albidus
Table 3 Mean standard emission of each major compound released by leaves of P. halepensis, C. albidus,
and Q. coccifera on calcareous and siliceous substrates, isolated and in intraspecific competition
P. halepensis Calcareous
Substrate
Siliceous
SUbstrate
Fsubstrate Isolated Competition Fcompetition
α-pinene 1.47±0.39 0.88±0.19 1.65ns 0.65±0.32 1.41±0.28 4.80*
β-pinene 0.14±0.02 0.24±0.11 0.03ns 0.12±0.03 0.22±0.08 1.17ns
β-myrcene 0.67±0.29 0.43±0.17 0.40ns 0.14±0.04 0.72±0.23 7.10*
Δ3-carene 0.75±0.18 1.22±0.33 0.60ns 0.54±0.24 1.14±0.23 5.59*
C. albidus
α-pinene 0.27±0.11 0.48±0.31 1.48ns 0.10±0.04 0.52±0.28 0.02ns
β-bourbonene 0.28±0.09 0.47±0.12 6.70ns 0.24±0.08 0.46±0.11 4.96*
β-caryophyllene 0.42±0.20 0.45±0.30 0.03ns 0.06±0.02 0.62±0.27 5.32*
allo-aromadendrene 0.69±0.21 0.82±0.18 0.01ns 0.48±0.09 0.91±0.19 0.03ns
AR-curcumene 0.85±0.31 1.02±0.23 6.03* 0.64±0.35 1.08±0.22 0.51ns
α-zingiberene 1.27±0.52 1.14±0.38 0.06ns 0.74±0.33 1.43±0.43 0.08ns
α-muurolene 0.32±0.05 0.64±0.33 0.39ns 0.29±0.07 0.59±0.26 0.01ns
Q. coccifera
α-pinene 0.10±0.04 0.45±0.30 11.53** 0.20±0.10 0.34±0.10 7.21*
sabinene 0.05±0.03 0.11±0.32 0.45ns 0.04±0.02 0.10±0.04 4.78*
β-pinene 0.09±0.07 0.07±0.32 0.02ns 0.03±0.02 0.10±0.05 0.01ns
α-caryophyllene 0.11±0.02 0.17±0.04 4.60* 0.06±0.03 0.17±0.03 9.83**
allo-aromadendrene 0.13±0.03 0.26±0.06 0.02ns 0.05±0.03 0.14±0.02 6.21*
a The effects of substrate type and intraspecific competition on standard emissions of these compounds are
tested through two-factor ANOVAs. Fsubstrate and Fcompetition indicate the ANOVA’s value for each factor.
Values are mean (n=4)±SE
*0.01<P<0.05
** 0.001<P<0.01
ns = not significant (P>0.05)
(sesquiterpenes), and Q. coccifera (monoterpenes and sesquiterpenes). Only Peñuelas and
Llusià (1998) have previously dealt with the effect of competition on terpene emissions.
These authors found similar results to those reported here. They observed that when two
seedlings of P. halepensis grew together, monoterpene emissions were favored. However,
they reported the opposite response for Q. ilex where seedlings growing alone showed higher
emission rates. Hence, the pattern shown here for Q. coccifera in intraspecific competition is
different from that reported for Q. ilex. Both Quercus are long-lived, perennial, and
angiosperm species, with a broad edaphic tolerance. Moreover, their emissions have been
shown to vary similarly with light and temperature (Niinemets et al., 2002). A possible
explanation for the apparent difference in impact of intraspecific competition on terpene
emissions between Q. ilex and Q. coccifera is that Peñuelas and Llusià (1998) added nutrients
to substrates during the sampling period, whereas nutrients were not added in our study.
This is the first investigation into plant emissions on calcareous and siliceous substrates,
and it shows that, in contrast to intraspecific competition, substrate type affects terpene
emissions in a species-specific way. On one hand, monoterpene emissions from Q.
coccifera were considerably higher on siliceous substrate. On the other, emissions from P.
halepensis showed similar rates on calcareous and siliceous substrates. Finally, a single
major compound released by C. albidus showed higher emission rates on siliceous
substrate. We think that the higher terpene emissions reported in this study for Q. coccifera
on siliceous soils is the consequence of stress, as this is a calcicole species that is rarely
found on siliceous soils (Bornand et al., 1997).
This study also showed that sesquiterpenes have been neglected, in particular with
regard to emissions from Q. coccifera, although they may constitute an important fraction
of total emitted compounds. The lack of sesquiterpene emission data in previous studies for
Q. coccifera and P. halepensis might, however, be explained by differences in sampling
methodology and analysis protocols. Moreover, as sesquiterpenes may alter the tropo-
spheric balance, notably by favoring aerosol formation (Guenther, 2002), their isoprenoids
should not be excluded either from terpene emission inventories or from models designed
for predicting secondary pollutant concentrations and climate change.
In summary, this study was carried out to contribute to a better understanding of
environmental factors that modify the release of terpenes by plants. The results presented
could be taken into account: (i) to update terpene emissions from these species in current
terpene emission inventories, as sesquiterpenes have not so far been considered; (ii) as input
in models commonly used for predicting terpene emissions from plants to obtain more
accurate estimations; (iii) to obtain better insight into factors that modify the secondary
metabolism of plants. In a broader perspective, it might be of interest to examine whether
terpene emissions from these and other Mediterranean species show the same response to
the factors analyzed here over the whole seasonal cycle.
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